Abstract: Bacteria that reside in the mammalian intestinal tract efficiently hydrolyze dietary carbohydrates, including starch, that escape digestion in the small intestine. Starch is an abundant dietary carbohydrate comprised of a1,4 and a1,6 linked glucose, yet mammalian intestinal glucoamylases cannot effectively hydrolyze starch that has frequent a1,6 branching as these structures hinder recognition and processing by a1,4-specific amylases. Here we present the structure of the cell surface amylase SusG from Bacteroides thetaiotaomicron complexed with a mixed linkage amylosaccharide generated from transglycosylation during crystallization. Although SusG is specific for a1,4 glucosidic bonds, binding of this new oligosaccharide at the active site demonstrates that SusG can accommodate a1,6 branch points at subsite 23 to 22, and also at subsite11 adjacent to the site of hydrolysis, explaining how this enzyme may be able to process a wide range of limit dextrins in the intestinal environment. These data suggest that B. thetaiotaomicron and related organisms may have a selective advantage for amylosaccharide scavenging in the gut.
Introduction
Glycoside hydrolase family 13 (GH13) describes a large class of enzymes that target the a1,4-and a1,6-linkages in starch, pullulan and glycogen. 1 GH13 includes not only amylases that hydrolyze the backbone of all a1,4-linked glucan helices, but also pullulanases and neopullulanases that target a1,6-and a1,4-glycosidic bonds, respectively, within mixed-linkage structures. 2 A number of detailed biochemical and structural investigations of members of this family has led to the further delineation of various subfamilies that correlate substrate and product specificities. 1 Regardless of specificity, GH13 members share striking overall structural conservation, which typically comprises A, B, and C subdomains. 3 The A domain is the largest structural domain, although its sequence is interrupted by the smaller B domain, which shapes one side of the active site and can dictate substrate specificity. 3 The C domain is a smaller b-sandwich domain that is remote from the catalytic site and typically does not have a clearly defined function. 4 SusG is a GH13 amylase that is central to starch utilization by the human gut commensal Bacteroides thetaiotaomicron. 5 SusG displays substrate flexibility for diverse a-glucans, including amylopectin, pullulan, and cyclodextrins, yet it invariably hydrolyzes a1,4-linkages. 6 Our previous work revealed that SusG displays an atypical domain organization among GH13 members, which in addition to the canonical A, B, and C domains, includes the insertion of a unique carbohydrate binding module (CBM) family 58 into the middle of the B domain which is located between b3 and a3 of the catalytic A domain. This insertion creates a region distal to the main catalytic AB domains, such that starch-binding at CBM58 occurs 45Å from the active site and on the opposite face of the protein. 6 In addition to the CBM58, SusG also has a surface starch-binding site that is adjacent to the catalytic site. This site is comprised of a platform of aromatic residues including Y456 and W460, and is largely situated at the surface of a6 (residues 452-463) and a7(residues 470-484) of the A domain. The placement of the surface starch binding site is unique to SusG and to the best of our knowledge there are no other examples of similarly located surface starchbinding sites even among homologous amylases. SusG displays the highest activity against soluble potato starch (amylopectin), followed by maize amylopectin and pullulan. 6 Notably, the hydrolysis of pullulan
, suggesting a specific ability to tolerate a1,6-linkages of larger polysaccharides across the 11/12 enzyme subsites [subsite nomenclature according to Ref. 7] . To examine the molecular basis by which SusG accommodates a1,6-linkages, we co-crystallized SusG-D498N, a mutant with a crippled catalytic machinery, with the pullulan oligosaccharide 6 Fig. 1(A)] . Surprisingly, we captured a longer transglycosylation product in the mutant active site in crystallo, which accumulated due to trace contamination of the preparation with wild-type enzyme. This serendipitous complex revealed accommodation of a1,6 linkages at subsites 23 to 22 and 11 within the SusG active site. Our SusG structure with this transglycosylation product highlights the structural basis of how a1,6 linkages in pullulan, amylopectin and starch are tolerated by SusG, thereby illuminating the molecular basis for the ability of B. thetaiotaomicron to scavenge limit dextrins that escape digestion in the small intestine.
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Results
Identification of low-level transglycosylation activity
The co-crystallization of the catalytic nucleophile mutant SusG-D498N with GMM [ Fig. 1(A) ], led to the capture of a larger a1,6-branched oligosaccharide in the active site and at the surface binding site ( Fig. 1 ; Table I ). The observation of this apparent transglycosylation product was particularly unexpected as catalytic nucleophile mutants of retaining glycosidases typically possess <10
4
-fold residual activity of the wild-type. 10 After ruling-out the potential of buffercatalyzed rescue of activity leading to transglycosylation 11 (data not shown), we suspected that trace contamination of the wild type enzyme in the mutant enzyme preparation was responsible for this apparent activity. Such contamination may result from sidechain deamidation or translational misincorporation, which has precedent in other glycoside hydrolases. 12 We then performed time-course experiments on a variety of maltooligosaccharides including isomaltotriose, maltotriose, 6 3 -a-D-glucosyl-maltotriose [GM, Fig. 1(B) ] and GMM to capture early reaction products. Wild-type SusG (SusG-wt) was evaluated at 0.9 mg/mL (12.0 lM; high) and 45 ng/mL (0.62 nM; low) concentrations, while SusG-D498N was used at 2.35 mg/ml (31.2 lM) mg/ml concentrations to mimic the concentration during crystallization (Fig. 2) . The low concentration of SusG was selected to represent a possible level (0.002%) of trace contamination of the SusG-wt within the mutant enzyme preparation. At high concentrations, SusG-wt was not active on isomaltotriose, but processed, as expected, the near complete hydrolysis of maltotriose, GM, and GMM within 4 h [see Supporting Information Fig. S1 . These products could be generated via a number of discrete substrate interactions with the active site, but all require occupancy of subsites 22 to 11 (Supporting Information Fig. S2 ).
Likewise, SusG-D498N and low concentrations of SusG-wt yielded multiple products of higher molecular weight after incubation with both GM (Supporting Information Fig. S3 -S5) and GMM ( Fig. S6 ]. The diversity of the products released suggests that SusG acts on both M3 moieties of GMM. Taken together, these data suggest that the product seen in the crystal structure of SusG-D498N resulted from low-level transglycosylation activity due to trace contamination with the wild-type enzyme.
The 2.17 Å structure of SusG-D498N with product 4 reveals no major differences in protein conformation as a result of substrate binding as chain A of this structure overlays with chain A of the previous SusG-D498N with maltoheptaose (PDB 3K8L) with an RMSD of 0.35 Å over 648 Ca atom pairs. In the current structure (Table I) , the chains A and B within the asymmetric unit overlay with an RMSD of 0.53 Å over 648 Ca atom pairs. SusG has two starch-binding sites beyond the catalytic site, at CBM58 and at the surface starch-binding site adjacent to the active site [ Fig. 1(C) ]. At CBM58, glucose residues corresponding to maltotetraose and maltotriose could be modeled into the observed density at both SusG molecules within the asymmetric unit; these interactions are identical as those previously reported in the maltoheptaose complex [ Fig. 1(D) ]. 6 At the surface starch-binding site, six glucose residues from one of the transglycosylation products could be modeled into the density at chain A [Figs. 1(F) and 3(A)]. The a1,6-linked glucose Glc2' is not within 3.5 Å from any protein residues suggesting that the a1,6 linkage is tolerated rather than selected at the surface site. As observed for the SusG-D498N:maltoheptaose complex, the reducing ends of the amylosaccharides bound at the catalytic site and the surface site are directed towards each other, underscoring that these binding sites are distinct despite their proximity. 6 Our analysis of potential transglycosylation products indicates that the ligand observed in the crystal structure is likely to be product 4 [m/z 5 2147, Fig. 2(D) ], although not all glucosyl units were well-ordered and visible in the electron density maps. The active site species at chain A was modeled as eight glucosyl residues, of 13 total, with two a1,6 linkages, thereby revealing the manner in which SusG accesses the a1,4 glycosidic bonds within a branched structure. In our previously reported structure with maltoheptaose (PDB 3K8L), we observed binding of the substrate from 24 through 13 subsites. 6 The coordination of the substrate was extensive, with a total of 19 hydrogen bonds between the substrate and the active site residues, in addition to hydrophobic interactions from two tyrosine residues that position maltoheptaose at subsites 21 and 13. 6 However, the smallest substrate for SusG is maltotriose (cf. Supporting Information Fig. S2 ) and, correspondingly, interactions between ligand and protein are most extensive within the 22 to 11 subsites suggesting that these subsites are essential. Moreover, the 13 subsite in chain B of this structure is only partially occupied, and therefore was not included in the final model. Here we only describe the differences in the coordination of the transglycosylation product compared to what we have already reported for maltoheptaose binding.
In the SusG-D498N:maltoheptaose complex, the glucose residues in the 24 and 23 subsites [ Fig.  3(B) ], make few interactions with the protein, as only the side chains of K541 and D545 are within hydrogen bonding distance of the O2 and O3 atoms of these sugars, and there is no hydrophobic stacking to support their positioning. 6 In the current structure, the a1,6 linkage between the glucose residues of the transglycosylation product is found in the 22 and 23 subsites [ Fig. 3(B), 3(C) ]. This a1,6 kink positions the 23 glucose to stack with W349, and supports hydrogen-bonding interactions with Thr347, Ser110, Asp115, and His112 [ Fig. 3(C) ]. The specific manner in which the glucose is accommodated at this new 23 subsite is more extensive than that observed at the previous 23 subsite with maltoheptaose, which may suggest a specific adaptation to accommodate a1,6 linkages. As there is no conformational change in the protein required to distinguish between a1,6 or a1,4 linked glucosidic bonds within the 23/-2 subsites, it is possible that both linear mixed-linkage a-glucan substrates like pullulan and a1,6 branch points from an otherwise a1,4-linked region of a-glucan could be accommodated here. Much of the rest of the interaction of the branched substrate at the active site in this structure is identical to the maltoheptaose complex, with the exception of the second a1,6 linkage off of the 11 glucose. The O2 of the 11 glucose hydrogen-bonds with the side chain of K541, and the sugar is extended above the active site cleft where additional a1,4-glucose residues could be accommodated without steric interference [ Fig. 3(C) ]. 
Discussion
The cell surface amylase SusG of B. thetaiotaomicron displays a wide substrate range for amylopectin, pullulan and cyclodextrins, despite specificity for a1,4-glucosidic linkages. As noted previously, the wide active-site cleft of SusG is likely to enable the enzyme to bind linear, branched and cyclodextrin substrates. 6 Our structure here demonstrates that SusG can specifically accommodate a1,6 linkages adjacent to the catalytic center, not only within a linear mixed-linkage substrate such as pullulan, but also those comprising sterically encumbered a1,6 branch points in polymers such as amylopectin. This feature makes SusG somewhat unique as an amylase, as most a1,4-specific GH13 family members cannot tolerate a1,6 branch points proximal to the site of catalysis. 1, 13 Indeed enzymes such as yeast glycogen phosphorylase that work on heavily a1,6 branched glucans stop two to Figure 3 . The SusG-D498N mutant structure demonstrates accommodation of a1,6 glucan linkages surrounding the active site.
(A) Stereoview overlay of the surface-starch binding site comparing the current structure with an overlay of the maltoheptaose-bound structure (PDB 3K8L). The current structure is shown in black and red sticks and pink ribbon, while the maltoheptaose-bound structure is shown in blue and red sticks and white ribbon. The glucose residues are labeled in parentheses, from the non-reducing end. (B) Stereoview overlay of the active site of the current structure (pink ribbon, black, and red sticks) with the previous SusG-D498N structure with maltoheptaose (white ribbon, blue, and red sticks). Subsites are labeled using the standard nomenclature from the nonreducing end, and colored according to the structure. (C) Close-up view of the product captured in the active site of the current structure. Hydrogenbonding interactions that accommodate the a1,6 glucosidic linkages are shown in dashed lines with the distance in angstroms. Thr347 was omitted for clarity. Product 4 is displayed in spheres, with red spheres indicating those glucose residues that were resolved in the electron density.
three glucose units away from the branch point. 14 The well-characterized barley alpha-amylase AMY1 is known to tolerate branch points within starch, but a detailed study of its activity on branched oligosaccharides demonstrates that it also stops two glucose residues away from an a1,6-branch point. 15 Similar results have been obtained with human salivary amylase, porcine pancreatic amylase, barley isoenzyme 2, amylase from Aspergillus Taka-Amylase A, and Bacillus licheniformis amylase. 16 Interestingly, the Thermoactinomyces vulgaris R-47 a-amylase II (TVA II) was crystallized with a transglycosylation product that also features a distinct a1,6 branch point that is accommodated within the active site at the 11 position. 17 Like SusG, TVA II displays a broader substrate specificity than canonical amylases 1, 18 including the ability to hydrolyze the a1,4 linkages within pullulan. 19 TVA II can also hydrolyze a1,6 glycosidic linkages in isopanose and pullulan. 20, 21 TVA II has an N-terminal domain that drives dimerization of the enzyme and contributes to the shape of the active site, 22 while
SusG lacks this domain and is monomeric. The wide active site of TVA II amylase is attributed with the enzyme's flexible substrate recognition, a feature it shares with SusG. Because of the unique location of the CBM58 within the SusG sequence, it is more difficult to classify SusG by sequence homology-established GH13 subfamilies; the catalytic domain of SusG shares homology with the subfamilies GH13_36 and GH13_37. 23 Many enzymes of the GH13_36 subfamily have a broad range of activity including transglycosylation, cyclodextrin hydrolysis, or have neopullulanase activity and tolerate a1,6-glucosidic linkages within pullulan to release panose. 3 In contrast, the GH13_37 subfamily is a newer designation and classifies a small number of sequences many of which are found in marine bacteria, and at least one from a marine metagenomic library, AmyP, can degrade raw starch. 3, 24 Searching the DALI server, SusG is most similar to the Thermatoga maritima 4-a-glucanotransferase (4aGT, Z 5 43.2, PDB 1LWH), 25 the Halothermothrix orenii amylase AmyA (Z 5 42.1, PDB 1WZA), 26 and a Thermus sp. maltogenic amylase (Z 5 40.0, PDB 1GVI). 27 All of these enzymes share conservation of the D115, H112, and S110 that mediate hydrogen-bonding within the 23 subsite of SusG, but only the H. orenii AmyA has an aromatic residue, W189, similarly positioned as W349 in SusG. However both AmyA and 4aGT have loops that extend over or into the active site that would sterically hinder an a1,6-linkage from the 11 subsite, and neither enzyme has been reported as capable of pullulan degradation. Thus far, defining the precise sequence and structural features that distinguish unique activities within the GH13 superfamily has been difficult.
Conclusions
Here, we postulate that the flexible recognition of aglucans by SusG is mediated by both the adaptations within the active site to recognize a1,6-linked glucose residues as well as the width of the active site cleft. The ability of SusG to scavenge a variety of starch-like structures in the gut, including limit dextrins that escape mammalian (gluco)amylases, likely contribute to this organism's ability to adapt to the changing glycan landscape of the distal gut.
Materials and Methods
Protein crystallization
Wild-type and the D498N mutant SusG protein were expressed and purified as previously described. X-ray data collection and structure determination X-ray data maxima were collected at the Life Science Collaborative Access Team (LS-CAT) beamline ID-G at the Advanced Photon Source at Argonne National Laboratory in Argonne, IL. The data were processed in Xia2 28 within the CCP4 suite. 29 The structure of SusG-D498N with maltoheptaose (PDB 3K8L) was used as the model for molecular replacement in Phenix. 30 The ligand was built in Coot 31 and the final model was completed by alternating rounds of manual model building in Coot and refinement in Phenix. The geometry of the a-glucan ligand was checked in Privateer 32 within the CCP4 suite.
Enzymatic product analysis
Enzymatic reactions were performed at 378C in 50 mM HEPES buffer pH 7.5 using SusG-wt at a concentration of 0.9 mg/mL (high) or 45 ng/mL (low) and SusG-D498N at 2.35 mg/mL. The substrates isomaltotriose (Carbosynth), maltotriose (Sigma), 6
3 -a-D-glucosyl-maltotriose (GM, Megazyme) and 6 3 -a-D-glucosyl-maltotriosylmaltriose (GMM, Megazyme) were all used at 10 mM in the reaction solution.
Enzymatic reactions were performed in triplicates in a total volume of 20 lL, in parallel with a negative control without enzyme. The reactions were stopped at regular intervals (typically 1, 4, 24, 48, and 72 h) by sampling 3 lL of reaction solution and incubating it in 72 lL of boiling water for 10 min.
Reaction products were subsequently analyzed by HPAEC-PAD and MALDI-TOF.
High-performance anionic exchange chromatography-pulsed amperometric detection analysis (HPAEC-PAD) HPAEC-PAD was performed using a Dionex Carbopac PA200 column on a Dionex ICS-5000 DC HPLC system controlled by CHROMELEON software, version 7 (Dionex Corp., Sunnyvale, CA). 33 Solvent A was double-distilled water, solvent B was 1M sodium hydroxide and solvent C was 1M sodium acetate. The gradient used was: 0-5 min, 10% solvent B; 5-10 min, 10% B and a linear gradient from 0 to 30% C; 10-10.1 min, a linear gradient from 10 to 50% B and 30 to 50% C; 10.1 to 11 min 50% B and 50% C. 11 to 11.9 a gradient of B and C back to initial conditions (10% B and 0% C); and 11.9 to 15 min, initial conditions.
Matrix-assisted laser desorption ionization-time of flight analysis (MALDI-TOF)
MALDI-TOF MS was performed on a Bruker Daltonics Autoflex System (Billerica, MA) in the reflectron mode. The matrix, 2,5-dihydroxy benzoic acid, was dissolved in 50% acetonitrile in water to a final concentration of 20 mg/mL. Oligosaccharide samples were mixed 1:1 (v/v) with the matrix solution. Ten microliters of this solution was placed on a Bruker MTP 384 ground steel MALDI plate and left to air dry for 30 min prior to analysis.
